ABSTRACT Effects of fetal bovine serum (FBS) and complement on phagocytic activity in Ornithodoros moubata (Murray 1877) hemocytes and protease activity in the hemocytes were examined. At least three morphologically different cell types, granulocytes, plasmatocytes, and prohemocytes, were detected in hemolymph of O. moubata, and granulocytes and plasmatocytes showed phagocytic activity. FBS altered phagocytic activity of granulocytes, and complement affected phagocytic activity of plasmatocytes. Ticks were inoculated with ßuorescent polystyrene beads in combination with FBS or complement. The average number of beads in granulocytes was signiÞcantly higher in the FBS injected group than the control (P Ͻ 0.01). The percentage of bead-ingesting plasmatocytes in complement inoculated ticks was signiÞcantly lower than that in heat-inactivated complement inoculated and control ticks (P Ͻ 0.05). Proteases of tick hemocytes localized in small granules in the cytoplasm not only in phagocytic hemocytes but also in prohemocytes. Results suggested modulation of tick hemocyte function through serum components, and digestion of phagocytosed foreign bodies in the hemocytes.
VARIOUS INNATE IMMUNE mechanisms have been reported in invertebrates, including ticks (Gillespie et al. 1997 , Johns et al. 2000 . Phagocytosis of foreign bodies, such as microorganisms, was one of the important innate immune responses in both invertebrates and vertebrates (Bayne 1990 , Ehlers et al. 1992 . At least two types of phagocytic cells, granulocytes (or spherule cells) and plasmatocytes, have been reported in tick hemolymph (Dolp 1970 , Fujisaki et al. 1975 , Kuhn and Haug 1994 , Zhioua et al. 1996 . However, little has been reported about mechanisms of phagocytosis, fate of phagocytosed microorganisms, and non-self recognition in tick hemocytes (Kryuchechnikov 1991 , Podboronov 1991 . Recently, however, endogenous lectins were shown to be important in non-self recognition in tick hemocytes (Grubhoffer and Jindrak 1998) . Because a lectin (Dorin M) was isolated from Ornithodoros moubata (Murray 1877) hemolymph, tick hemocytes may also recognize foreign bodies through a lectin-carbohydrate chain interaction (Kovar et al. 2000) . Ornithodoros moubata is a vector of various pathogenic agents Varma 1968, Hoogstraal 1985) , including African swine fever virus (Hess 1971) , Borrellia duttoni (Novy and Knapp 1906) , Coxiella burunetti (Derrick 1939) , Rickettsia spp., and West Nile virus. Fujisaki et al. (1984) and Minoura et al. (1985) reported that host immunoglobulin G was detected in the hemolymph of O. moubata and that it retained its antibody activity. These results suggest that the hemocele of O. moubata is exposed to host serum components, such as immunoglobulin, complement, cytokines, and lectins. Therefore, such host serum components might play a role in immunity in the tick. In this article, we describe effects of serum and complement on phagocytic activity in O. moubata hemocytes, and protease activity in phagosomes of the hemocytes.
Materials and Methods
Ticks. Ornithodoros moubata used in this study was obtained from the National Institute of Animal Health, Tsukuba, Japan, and has been maintained in our Institute for several generations by feeding on rabbits (Kitaoka 1971) . The tick colony was kept at 27ЊC and 50 Ð 60% RH in continuous darkness. In the current study, adult female ticks were used 2 mo after feeding.
Tick Inoculations. Ticks were injected with 10 7 ßu-orescent polystyrene beads (FluoSpheres, carboxylate-modiÞed microspheres, yellow-green ßuores-cent, diameter: 1.0 m, Molecular Probes, Eugene, OR) in 5 l insect saline (130 mM NaCl, 5.0 mM KCl, and 1.0 mM CaCl 2 ), fetal bovine serum (FBS), or rabbit complement solution (Low-Tox-M rabbit complement, Cl3051, Cedarlane Laboratories, Ontario, Canada) by using a 10-l Hamilton syringe (Hamilton, Reno, NV) with a 30-gauge hypodermic needle. After bead inoculation, the ticks were kept at 27ЊC and 50 Ð 60% RH in continuous darkness.
Hemolymph Collection and Hemocyte Smear. Hemolymph was collected by severing the forelegs at the coxal-trochanteral joint and drawing hemolymph into a glass micropipette (Fujisaki et al. 1975) . For the purpose of light microscopy of hemocytes, hemolymph was smeared on a glass slide, immediately dried, and Þxed in methanol for 10 min. The specimens were stained with Giemsa solution for 10 min.
Protease Assay. Hemocytes were suspended in insect saline at Ϸ10 3 cells/ml, and 1 ml of the suspension was placed in each well of a 24-well plate with a cover glass. The hemocytes were incubated with 10 g/ml of BODIPY FL-casein (EnzCheck Protease Assay Kits, Molecular Probes, Eugene, OR) for 60 min at 27ЊC. The cells were then washed three times with insect saline, and Þxed with methanol at 4ЊC for 10 min. The methanol-Þxed hemocytes were incubated with propidium iodide solution (10 g/ml) for nuclear stain at 27ЊC for 5 min. They were then washed three times with insect saline and observed by confocal laser scanning microscopy (Leica TCS-NT, Leica Microsystems, Wetzlar, GmbH).
Statistical Analysis. Statistical determination of the difference between means of experimental groups was made using StudentÕs t-test.
Results
Phagocytic Activity in Hemocytes. Ticks were inoculated with ßuorescent polystyrene beads, and differential hemocyte counts were conducted at Þve different time intervals after the inoculation. Three morphologically different types of hemocytes, namely granulocytes, plasmatocytes, and prohemocytes, were identiÞed in the tick hemolymph (Fig. 1) . During the observation period, granulocytes and plasmatocytes had phagocytic activity but prohemocytes did not. Throughout the experiment, the proportions of granulocytes, plasmatocytes, and prohemocytes to total number of hemocytes ranged from 10 to 50%, 40 to 80% and 0 to 15%, respectively (Fig. 2) . Changes in the percentage of bead-ingesting cells in each tick was calculated at early (6, 24, and 36 h) and late (10, 20, 30 , and 60 d) stages after the bead inoculation. The proportion of bead-ingesting granulocytes and plasmatocytes tended to increase at 24 Ð36 h and 6 Ð24 h after bead inoculation, respectively (Fig. 3A) . The proportion of bead-ingesting plasmatocytes increased 10 Ð 60 d after bead inoculation, while that of granulocytes involved in the engulfment of beads decreased 30 Ð 60 d after the inoculation (Fig. 3B) .
Effect of FBS on the Phagocytic Activity. Ticks were inoculated with beads in combination with fetal bovine serum (FBS), and changes of phagocytic activity of hemocytes were examined at 24 h after the inoculation (Fig. 4) . FBS did not affect the proportion of each hemocyte type nor percentage of hemocytes involved in the phagocytosis of beads. Interestingly, the average number of beads in granulocytes was signiÞcantly higher in the FBS injected group than in the control (t ϭ 9.77, df ϭ 6, P Ͻ 0.01), whereas there were no differences in phagocytic activity of plasmatocytes in the presence or the absence of FBS.
Effect of Complement on the Phagocytic Activity. To assess whether phagocytic activity of plasmatocytes and granulocytes is enhanced by complement treatment, rabbit complement (intact or heat-inactivated) and ßuorescent polystyrene beads were inoculated into ticks and the differential hemocyte counts, the proportion of bead-ingesting cells, and the number of beads per cell were examined (Fig. 5) . The proportion of bead-ingesting plasmatocytes in intact complement inoculated ticks was signiÞcantly lower than that in heat-inactivated complement inoculated and control ticks (t ϭ 2.39, df ϭ 7, P Ͻ 0.05). There were, however, no signiÞcant differences among all groups with regard to the differential hemocyte count and the number of ingested beads per cell.
Protease Activity in Hemocytes. Localization of proteolitic enzyme in the hemocytes was identiÞed by using ßuorescent protease marker reagents and a confocal laser scanning microscope. This assay is based on protease-catalyzed hydrolysis of BODIPY FL-casein and following enhancement of its ßuorescence. Brießy, when the BODIPY FL-casein is intact, its green ßuorescence is quenched. Whereas green ßu-orescence of the molecule is highly increased, when it is ingested and degraded by protease. All hemocytes (granulocytes, plasmatocytes, and prohemocytes) had small granules with strong protease activity in their cytoplasm (Fig. 6 ). Size and localization of the granules appeared similar among hemocyte types. Although granulocytes and plasmatocytes have large granules and vacuoles, respectively, none of those granules and vacuoles had detectable protease activity. Ingested beads also occurred out of the large granules in granulocytes (Fig. 7) .
Discussion
Phagocytosis is one of the important innate immune mechanisms in vertebrate and invertebrate animals (Bayne 1990 ). Three primary cell types, granulocytes, plasmatocytes, and prohemocytes, exist in the hemolymph of O. erraticus (Shoura 1989) . Although it was reported that plasmatocytes were the only phagocytic hemocyte types in ticks (Brinton and Burgdorfer 1971, Kuhn and Haug 1994) , granulocytes are also phagocytic in O. moubata. These cell types are involved in cellular responses against foreign bodies via phagocytosis and encapsulation (Gillespie et al. 1997) . Podboronov (1991) reported an increase in phagocytosis within 2 h after inoculation of bacteria into ticks, although this claim was not supported with adequate data. The injection of ßuorescent polystyrene beads did not change the proportion of each hemocyte type. Geng and Dunn (1989) reported the same observation in hemocyte populations from latex beads inoculated into Manduca sexta. They also reported plasmatocyte depletion after injection of bacteria. Therefore, phagocytic activity of plasmatocytes may vary in different inocula. The functional differences between plasmatocytes and granulocytes in ticks are not understood. It is quite reasonable to propose that plasmatocytes and granulocytes have different roles as scavenging foreign bodies. Although the percentage of bead-ingesting granulocytes is not changed in the presence of FBS, the mean number of beads in granulocytes are greatly increased in response to FBStreatment (P Ͻ 0.01) (Fig. 4) . These results suggest that FBS contains granulocyte activating factors or an opsonin that is speciÞcally recognized by granulocytes. Although it was thought that arthropod serum lacked immunoglobulin and complement (Bayne 1990) , recently various immunoglobulin-superfamily molecules have been identiÞed in invertebrates (Mendoza and Faye 1996) . Moreover, high molecular weight serum proteins pass through the gut wall of O. moubata without digestion (Fujisaki et al. 1984 , Minoura et al. 1985 . Therefore, the tick hemocele will be frequently exposed to serum components, such as complement and immunoglobulin. Thus, perhaps tick hemocytes use not only innate hemolymph components but also host serum components to recognize and phagocytize foreign bodies. Phagocytic activity of granulocytes did not change in the presence of complement (heat-inactivated or intact), but the percentage of bead-ingesting plasmatocytes was signiÞcantly lower with complement than in the control (P Ͻ 0.05). In this study, conclusions about the biological effects The roles of melanization and antimicrobial peptides have been studied as important mechanisms of hemocytic killing and digestion of phagocytized microorganisms, but the details of those mechanisms are not well understood (Gillespie et al. 1997) . The array of proteases in phagolysosome is one of the most important intracellular destroying mechanisms in mammalian phagocytic cells. However, the presence and localization of proteases in tick hemocytes have not yet been clearly demonstrated. Fluorescencebased assays for detecting metallo-, serine, acid, and sulfhydryl proteases enable the detection of protease activity in cells (Jones et al. 1997) . Proteases of tick hemocytes were localized in small cytoplasmic granules. Immunohistochemical studies revealed that granulocytes and plasmatocytes had lysozymes, and strong lysozyme activity was shown in granules of granulocytes (Kuhn and Haug 1994) . Therefore, the granules, that show strong protease activity, might be lysosomes. The phagocytic hemocytes (granulocytes and plasmatocytes) and also prohemocytes had strong protease activity. This result indicates that prohemocytes actively uptake BODIPY FL-casein molecules by endocytosis. In granulocytes and plasmatocytes, lysosomal proteases may be involved in digestion of phagocytosed materials. Other antimicrobial proteins, such as attacin and defenseins, might be needed together with the proteases for a complete destruction of phagocytosed materials in ticks, because those proteins are important immunomodulators in insects (Gillespie et al. 1997 ).
In conclusion, it was demonstrated that alteration of phagocytic activity in tick hemocytes can be due to serum components and protease activity in the hemocytes; however, further studies are required to clarify the molecular mechanisms of hemocyte activation and nonself recognition. 
